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Supplementary Text text S1. A proton pumping mechanism proposed for bacterial CcOs.
Transfer of protons used in the proton-pumping process through the H-pathway in CcOs of the animal kingdom has been well established experimentally and theoretically (35, 36) . A different proton pumping mechanism in which protons used in the proton-pumping process are transferred through one of the proton pathways used for water formation has been proposed for bacterial CcOs, based mainly on mutational analyses (37). Various experimental results reported thus far generally suggest that there is diversity in the proton pumping mechanism across all biological systems (1, 2) . A detailed comparison between the two mechanisms has been reported (1, 2) .
Improvements in our understanding of the reaction mechanism of mammalian CcO is likely to provide several insights which may mature into medical advances as recently described (38) .
text S2. Comparisons of the proton pump mechanism of CcO proposed by x-ray structure analyses with the proton pump mechanism proposed on the basis of charge and proton translocation analyses. The static X-ray structural findings of bovine heart CcO (5) suggest that the four protons for pumping are taken up into the Mg-containing water cluster when the O2 reduction site is fully reduced to open the water channel. After completion of proton collection, the channel is closed before sequential four-electron transfer from heme a until the fully reduced O2 reduction site is regenerated. Each of the four protons stored in the Mg-containing water cluster is pumped electrostatically upon oxidation of heme a (the four-proton collection mechanism). On the other hand, charge and proton translocation analyses (7-10) indicate that each of the four single electron transfers for O2 reduction is coupled with uptake of one chemical proton to the O2 reduction site and pumping of one proton across the CcO molecule. These findings strongly suggest that each of the pumping protons taken up from the N-side is actively transported to the P-side in each electron transfer event (the one proton collection mechanism), apparently in conflict with the above X-ray structural findings. However, if each of the proton pumps from the Mg-containing water cluster to the P-side is coupled with one-proton uptake from the N-side to some proton storage site, a net one proton transfer from the N-side to the P-side would occur in each single electron transfer, consistent to the observation by charge and proton translocation analyses (7-10).
In fact, existence of pools for chemical and pumping protons has been proposed for bovine CcO on the basis of a proton translocation analysis during a single electron reduction process in the catalytic turnover from the F to O transition, in which a proton coupled reduction, Fea3 4+ =O 2to Fea3 3+ -OH -, occurs (39). The analysis using a bovine CcO sample treated with some mild alkaline conditions (39) shows that the protons in the proton pools are used for proton pumping and for the proton-coupled reduction, followed by refilling of the pools by proton transfers from the N-side.
This finding indicates that the pathway for pumping protons across the CcO molecule is composed of the two pathways extending from the N-side surface to the proton pool and from the proton pool to the P-side surface. Under the reported conditions (39) the refilling process is much slower than the release process. However, in the normal catalytic process, the protons are refilled essentially coincidently with proton release. Therefore, the existence of the proton pool would be invisible kinetically under normal conditions. The process occurring under normal catalytic conditions corresponds to one proton translocation across the CcO molecule. In other words, proton release to the P-side from the Mg-containing cluster and proton uptake from the N-side to the proton pool provides the one proton translocation across the CcO molecule shown by the charge and proton translocation analyses thus far. Thus, the pumping proton transfer phenomena observed in the charge and proton translocation analyses are consistent to the four proton collection mechanism assuming the proton pools.
The proton pools are different from the Mg-containing water cluster, since the proton accessibility of the Mg-containing water cluster from the N-side is blocked by the closed water channel in the F and O states(4). Thus, the proton pools are located between the N-side surface and the closing point of the water channel. The proton pools could be located in the K and D pathways as well as in the H pathway because the X-ray structures of all the proton conducting pathways strongly suggest the proton collection (storage) functions (40, 41) .
When the O2 reduction site is attained at the fully reduced state after the four sequential single electron transfers, four protons to be pumped are collected in the proton pools and four protons stored in the Mg-containing water cluster have been completely pumped up to the P-side. Then, the water channel is opened to allow proton transfer from the proton pools to the Mg-containing water cluster. The protons stored in the pools included in the pathways other than the H-pathway are transiently released from the pathways to the N-side surface before being captured by the water channel of the H-pathway. The process of proton transfer is likely to be energetically highly favorable since the Mg-containing water cluster, after finishing the four proton pumps, is in a highly deprotonated state, giving a high proton affinity. Thus, significant acidification of the Nside is not expected to be detectable during proton transfer from the pools to the Mg-containing water cluster. This is consistent with the reported experimental results (9, 10, 42) .
The locations of the proton pools have not been identified, although kinetic evidence points to their existence as described above (39). The membrane potential differences due to the migration of protons from the proton pools to the Mg-containing water cluster is likely to be rather small, since no significant electric charge difference upon attainment of the fully reduced state of the O2 reduction site has been reported (8). Time resolved high resolution X-ray structural and infrared spectroscopic analyses for the intermediate species existing during the catalytic cycle (P, F, O and E) are required for identification of these pools.
One of the most critical experimental results supporting our proposal of the four-proton collection mechanism is provided by the static X-ray structural findings indicating that the water channel is open only in the fully reduced state (4). If the water channel is transiently opened during each of the four electron transfer processes from CuA to Fea3 in the single catalytic cycle, storage of four protons would be unnecessary (it is noteworthy that even in the one proton collection mechanism, blockage of proton back flow must be facilitated by essentially the same mechanism described in the present report). The possibility of transient opening could be examined by time resolved X-ray crystallographic analyses. However, the rather slow response of the water channel (helix X) conformation to structural changes occurring in the O2 reduction site as observed in the present work suggests that a rapid and accurate opening and closing transition of the water channel in each single electron transfer from cytochrome c to the O2 reduction site is unlikely. In fact, there are presently no experimental results which would support the possibility of transient opening. On the other hand, the large size of the Mg-containing water cluster with capacity for storage of four protons should not be ignored. Thus, we conclude that the present four-proton collection mechanism is a simpler interpretation for the experimental results obtained thus far, compared with the one-proton collection mechanism.
text S3. Time-resolved IR analyses in the single crystalline state.
For examination of the effect of crystal packing on the infrared spectral changes, time-resolved infrared spectral changes occurring during the process of CO migration in the single crystalline state of CcO were traced at 4˚C from 20 ns to 500 ms after flash photolysis of the fully reduced CO-bound state using a recently designed highly sensitive infrared spectrometer (15) . No significant change in the intensity of the CO stretch band of CuB-CO is detectable within the initial 100 ns ( fig. S1 ) after formation of the CuB-CO bond concomitantly with disappearance of the Fea3-CO bond detectable in the difference spectrum at 20 ns, as in solution (15). The bound CO molecules are released from CuB at τ = 4.4 s. This is similar to the τ value measured in solution. About 24% of the CO molecules remain at CuB and are released much more slowly (τ = 12.8 ms). The slow rate is comparable to the rebinding rate to Fea3 as shown in fig. S1 . Because slow CO release from CuB with similar amplitude is detectable also in solution at ambient temperature (15, 43) , the biphasic CO release is unlikely to be induced by the crystal packing. The τ values for CO-rebinding to Fea3 of 6.2 ms (36%) and 34.0 ms (64%) are much slower than the initial CO release from CuB.
In solution experiments, the initial stoichiometric CO transfer from Fea3 to CuB has been established by comparing the integrated intensities of CO stretch bands at Fea3 and CuB and the extinction coefficients of both bands in solution (43) (44) (45) . A significant infrared spectral change in the initial 100 ns was not detected after flash photolysis indicating that CO is not released from CuB within the initial 100 ns. Although extinction coefficients of the CO stretch band in crystals have not been determined, similarities in the kinetics of CO photolysis and rebinding in the solution and crystalline states strongly suggest that CO is stoichiometrically transferred to CuB and remains there during the initial 100 ns in the crystalline state. 1.50 *Distance between C of L381 in the ligand-free reduced state and CAC (see text) of the vinyl group of heme a3 in various CO binding or CO-free states in the X-ray structures superposed on the ligand-free fully reduced state as shown in Figs. 3A and B. # Displacement of CuB from the plane consisting of three imidazole nitrogen atoms coordinating to CuB. Fea3 side is positive. † The static X-ray structure of the ligand-free fully reduced state. ‡ The CO-bound reduced form determined by the static X-ray structure analysis. § The static X-ray structure of the fully oxidized state as prepared (the resting-oxidized state (12)). 
